Abstract: Genetic variation in six natural populations of Scots pine (Pinus sylvestris L.) was determined with isoenzyme analyses. For this purpose, haploid female gametophytes of seeds and horizontal starch gel electrophoresis technique were used. A total of 17 loci and 58 alleles were observed in studying 10 enzyme systems. The average proportion of polymorphic loci for populations ranged from 58.8% to 70.6%. The average number of alleles per locus per population was 2.65. The mean estimated expected heterozygosity (He) of populations was 0.294. A rather high proportion of genetic diversity (96.4%) was due to within-population variation and the remaining (3.6%) was due to variation among populations. The level of gene flow (Nem) was found to be 6.69 per generation. Nei's genetic distance coefficient ranged from 0.006 to 0.027 (mean 0.017) among all possible population pairs. The mean value of Nei's genetic distance is similar to the values reported for other European Scots pine populations. The low mean value of Nei's genetic distance among populations is enough to explain low interpopulation variation. According to genetic variation parameters, three out of six populations (Akdagmadeni-Yozgat, Refahiye-Erzincan and Vezirkopru-Samsun) appear to be preferable populations for genetic conservation and forest tree breeding programs.
Introduction
Scots pine (Pinus sylvestris L.) is the most widely distributed member of the Pinaceae family in the world. The most northern distribution of this species reaches up to bounds of the tundra in Scandinavia, while the most southern populations lie in Turkey. In Turkey, P. sylvestris is distributed between 38
• 34 -41
• 48 N latitude and 28
• 00-43
• 05 E longitudes. It forms pure forests at about 1000-2500 m a.s.l. At lower altitudes (500-1000 m a.s.l.) at the eastern Black Sea coast, it generally forms mixed forests with other forest tree species such as Picea orientalis, Abies bornmülleriana, Pinus nigra, Fagus orientalis and Quercus species. Scots pine, a highly complex species, has more than 140 subspecies and varieties worldwide (Giray 1994; Goncharenko et al. 1994; Turna 2003) .
Many factors have affected the formation of genetic structure of populations of Scots pine. In central and eastern Europe, genetic structure of P. sylvestris populations has been affected mainly by post glacial migration from refugia in southern, south-western and southeastern Europe, as well as climatic and environmental conditions (Prus-Glowacki & Stephan 1994; Dvornyk 2001) . Also, the original gene pool of P. sylvestris has been changed as a result of various human activities such as logging, irregular reforestation and settlement in natural forests, and recently, air pollution. Today, P. sylvestris populations in southern Europe and Asia Minor are distributed in isolated areas separated by long distances due to edaphic and climatic factors (PrusGlowacki & Stephan 1994; Matyas et al. 2004) .
The species is able to grow under various ecological conditions within its distribution area, including tundra, steppe and marsh lands (Goncharenko et al. 1994; Turna 2003) . It occupies 757.426 ha of forest lands in Turkey, and is an important tree due to a variety of uses of its timber. In addition, it is more resistant to harmful insects and fungi than other Eurasian pine species (Giray 1994) . Therefore, P. sylvestris has become an important species in forest tree breeding programs.
Genetic variation of forest trees in nature should be known in order to implement efficient tree improvement programs, with respect to sustainability. Data on the genetic structure of population of tree species are indispensable for effective genetic conservation and as working tools to our understanding of evolutionary mechanisms (Slavov & Zhelev 2004) . In addition, establishing priorities for gene conservation (in situ and ex situ), management and use of tree genetic resources for breeding programmes as well as efficient and successful plantation management require an understanding of the degree of diversity within and among populations of a species, because geographically separated populations differ in the presence and frequencies of genes due to mutation, different selective forces and ge- netic drift. The amount and pattern of genetic variation within each tree species determine its adaptability and are consequently essential parameters for maintaining the long term stability of forest ecosystems (Sharma et al. 2002) .
Many populations of P. sylvestris, especially in Europe, have been studied by different researchers. Studies on genetic variation of P. sylvestris populations in Turkey have been started only in recent years. For examples, Turna (2003) studied morphological characters and the variation of two enzymes in 11 populations of this species in Turkey. Yahyaoglu et al. (1994) surveyed 10 populations using one enzyme. Since populations of P. sylvestris in Turkey are the most southern of this species, more detailed genetic variation studies involving additional enzyme systems are needed.
The aims of this study were (1) to obtain additional information about allele and genotype frequencies of 10 enzyme systems from six different populations of P. sylvestris, (2) to estimate genetic variation parameters to determine the level of genetic variation among and within populations, and (3) to determine if any geographical variations appear in allozyme frequencies in association with geographical gradients.
Material and methods

Material
Bulked seeds from six natural stands [Catak-Usak (CTK), Degirmendere-Eskisehir (DDR), Vezirkopru-Samsun (VEZ), Akdagmadeni-Yozgat (AKD), Refahiye-Erzincan (REF), Karakurt-Kars (KKR)] were obtained via the Turkish Forest Service whose general approach is to collect several tons of cones from hundreds of trees within a given seed stand (Fig. 1) . Therefore, the exact number of trees for each seed lot is not known. These stands are used by the Turkish Forest Service as seed sources for afforestation purposes within the respective altitudinal zones in the region. The seeds were air dried and stored at 5
• C until they were used in the isozyme analysis. A random sample of 120 to 200 seeds was taken for each population to examine isozyme patterns of all enzyme systems. Megagametophyte tissue of seeds was used for the analyses. This tissue is haploid and due to the consequent absence of intralocus heterodimers, facilitates interpretation of isozyme phenotypes (Cheliak & Pitel 1985) .
Electrophoretic analysis
For the analysis, seeds were germinated on moistened Whatman No. 3 filter paper, in Petri dishes at 22
• C. Horizontal starch gel electrophoresis was used to obtain information on enzyme mobility variants in 17 loci encoding 10 enzyme systems. The haploid megagametophytic tissue was homogenized in a grinding plate with 75 µL of 0.2 M phosphate buffer pH 7.5, 0.1% Triton X-100, 1% BSA, 3% PVP-40 and 0.1% β-mercaptoethanol for all enzyme systems (Unal 2005) . The resulting homogenates were subjected to starch gel (12% starch) electrophoresis using three different buffer systems [morpholine citrate (pH 8.3), tris-borate-EDTA (pH 8.3), tris-citrate (pH 8.0)], according to slightly modified methods of Conkle et al. (1982) , as described in Kara et al. (1997) . Gels were sliced and stained for each enzyme system according to Conkle et al. (1982) . The enzymes assayed are as follows: aconitase (ACO; E.C. No. 4.2.1.3, one locus), acid phosphatase (ACP; E.C. No. 3.1.3.2, one locus), alcohol dehydrogenase (ADH; E.C. No. 1.1.1.1, one locus), glutamate dehydrogenase (GDH; E.C. No. 1.4.1.2, one locus), glutamate oxaloacetate-transaminase (GOT; E.C. No. 2.6.1.1, three loci), leucine aminopeptidase (LAP; E.C. No. 3.4.11.1, two loci), malate dehydrogenase (MDH; E.C. No. 1.1.1.37, three loci), menadione reductase (MNR; E.C. No. 1.6.99.2, one locus), 6-phosphogluconate dehydrogenase (PGD; E.C. No. 1.1.1.44, two loci) and phosphoglucoisomerase (PGM; E.C. No. 5.3.1.9, two loci).
Statistical analysis
Genetic variation was described by three parameters: 1) percentage of polymorphic loci (P ) at the 0.95 criterion; 2) average number of alleles per locus (A); and 3) expected heterozygosity (He) (Nei 1973) . Genetic differentiation among the populations was analyzed by using Nei's genetic diversity index (Nei 1973 (Nei , 1978 . The total genetic variation at polymorphic loci (HT) was partitioned into within-(HS) and among-population (DST) components, with the latter expressed as a partition of total variation: GST = DST/HT. Genetic relationships among populations were quantified using Nei's unbiased genetic distance measure (DN) (Nei 1978) . Cluster analysis, based on the unweighted pair group 
Results and discussion
Ten enzyme systems encoded by 21 loci were examined in six populations of P. sylvestris. Seventeen out of 21 loci were consistently resolved in all of the populations, so only these loci were evaluated. Details of the enzyme phenotypes and involved locus/loci were described in Unal (2005) . Of the 17 loci analyzed, two (Pgi1 and Got1) were monomorphic in all populations. Estimates of allelic frequencies for each polymorphic locus are presented in Table 1 . Totally, 58 alleles were observed at 17 loci among all populations. Three out of 58 alleles were null alleles at Mdh2, Mdh3 and Mnr2. Also there were seven private alleles in five populations (Table 1) . Some alleles in the studied populations were observed as rare (that is, their frequencies were ≤0.01), namely Acp1-6, Adh2-4, Gdh-4, Got2-3, Got3-4, Lap1-2, Lap2-3, Mdh1-2, Mdh3-3 and 6Pgd1-3. This may be due to strong selection pressure that operates similarly on these loci. Another possibility is that these alleles might have been formed recently, thus they may not have had enough time to be dispersed through populations, so that their frequencies have not had sufficient time to increase. Rare alleles may not directly contribute to the genetic distance coefficient value, but they may be an indicator for microevolutionary events occurring in populations such as edaphic and topographic factors and climate (Goncharenko et al. 1994) . Hamrick et al. (1981) reported that conifers contain high levels of genetic diversity and are the most variable group, as measured by isozyme markers. Among 20 species of conifers, they found that the mean number of alleles per locus was 2.29; the mean percentage of polymorphic loci was 67.7 and the mean expected heterozygosity was 0.207. In our study, the overall mean number of alleles per locus was 2.58 ± 0.3 (ranging from 2.4 to 2.9); the overall mean percentage of polymorphic loci was 62.7 ± 4.8 (ranging from 58.8 to 70.6); and the overall mean expected heterozygosity was 0.294 ± 0.021 (ranging from 0.263 to 0.321) ( Table 2 ). These estimates on P. sylvestris are close to the values typical for gymnosperms. The mean number of alleles per locus was the highest in Akdagmadeni-Yozgat population, the lowest in Catak-Usak population; the mean Table 3 . Relationships between population (Akdagmadeni, Degirmendere, Refahiye and Karakurt) mean allele frequency per locus (Y) and population altitude (X) (n = 4).
Locus (allele)
Regression equation • 30 and 40
• 15 ), yet at different altitudes. When only these four populations were considered, mean number of alleles per locus, polymorphism level, and heterozygosity level were relatively higher at middle elevations than in the lower-and higherelevation populations. reported similar trends regarding average alleles per locus and heterozygosity levels of Pinus brutia located on an elevational transect in southern Turkey. Moreover, polymorphism levels of middle and higher elevation populations were larger than those of the lower elevation populations. They suggested that the mid-elevation populations that have higher genetic variation can be used at much wider elevational zones for afforestation and reforestation purposes, and should be given a high priority in forest tree breeding, selection, and in situ conservation activities in the region. In a common garden experiment in the Mediterranean region of Turkey, Isik et al. (1999) reported superiority of mid-elevation populations of Pinus brutia. Also, higher adaptability (fitness values) to changing environmental conditions is expected in these populations since they have higher genetic variation . We found strong relationships between allelic frequencies at three loci and the altitude for the four populations on the same latitude. For example, the frequencies of Mdh2 (2 nd allele) and Mdh3 (2 nd allele) increased with an increase in altitude, but the frequency of Acp1 (3 rd allele) decreased with an increase in altitude of these four populations (Table 3) . Kara (1996) reported similar trends in P. brutia at five other loci (Aco, Gdh, Mdh1, Mdh4 and Sdh1). Such results might be due to differential selection pressures at different altitudes.
When all populations are considered, we could not find any significant correlation between the heterozygosity level of populations and their longitudes. However, when Karakurt-Kars population on the far eastern flank of the distribution in Turkey was dropped from the analysis, there was a significant correlation between the heterozygosity level and longitude (r = 0.944, p ≤ 0.05, df = 3). This suggests that as the origins of populations (except Karakurt-Kars population) move eastward, their heterozygosity levels increase. Pine species with a large and continuous distribution range generally exhibit low or absent interpopulation differention (Hamrick et al. 1992 ). In our study, gene diversity analysis indicated that approximately 3.6% of the observed total genetic variation was due to differences among the populations (G ST ) (last column in Table 4 ). The mean level of diversity estimated for the genus Pinus using G ST is 6.5% (Hamrick et al. 1992) . These values fall within the range observed on other P. sylvestris populations. The G ST values showed that genetic diversity among populations resulted mainly from Aco, Acp1, Gdh, Mdh2, Mdh3, and Pgi2. These loci have private alleles at some populations, i.e., 3 rd allele at Aco, 4 th allele at Gdh, 5 th allele at Mdh2 and 4 th allele at Pgi2 are private for KarakurtKars, Refahiye-Erzincan, Degirmendere-Eskisehir and Refahiye-Erzincan, respectively (Table 1 ). The private alleles of these populations must have contributed to the observed diversity among populations. In previous studies, G ST values for the Swedish, Spain, Scottish and Ukraine populations of P. sylvestris varied from 1.5% to 7% (Gullberg et al. 1985; Kinloch et al. 1986; PrusGlowacki& Bernard 1994; Dvornyk 2001; Korshikov et al . 2002) . Geographical distribution together with evolutionary history of a species generally explain the genetic differentiation within and among its populations (Hamrick et al. 1992) . The level of gene flow among P. sylvetris populations within a generation (N em ) is calculated to be, on average, 6.69. This means that gene exchange among the P. sylvestris populations studied is high, its rate being 6.69 migrants per generation. Gene flow can occur from transfer of pollen and seed (Goncharenko et al. 1994 ). We found that there was a statistically significant relationship between geographic distances of population pairs and their N em values (r = −0.59, p ≤ 0.05, df = 13). As geographic distance between population pairs increased, the level of gene flow decreased. In spite of the high degree of isolation and fragmentation (especially Catak-Usak and Degirmendere-Eskisehir populations) present today, there has been considerable gene flow among the P. sylvestris populations studied. Nei's (1978) genetic distance calculations revealed a mean genetic distance coefficient (D N ) of 0.017 ± 0.002 among the six analyzed populations (ranged from 0.006 to 0.027). Using the unweighted pair-group method (UPGMA) and D N values, we constructed a dendrogram illustrating genetic differentiation in the P. sylvestris populations (Fig. 2) . According to the dendrogram, Akdagmadeni-Yozgat and Vezirkopru-Samsun populations, which are geographically close, were genetically the most similar populations as well. KarakurtKars deviated from the other five populations. This may be due to isolation and a relatively low level of gene flow among Karakurt-Kars (on the far eastern flank of Turkey) and the other populations. According to the results of longitudinal variation and the dendrogram, it can be postulated that during the glaciation, P. sylvestris might have immigrated along several routes from north to south; namely, the Karakurt-Kars population from the Caucasian region and the other populations via the Balkan Peninsula. It could be hypothesized that this pattern of migration could have reversed direction during the retreat of glaciation. Indeed, Willis et al. (1998) state that in periods of maximum glaciation, pines were restricted to southern and central Europe, but rapidly expanded northwards during interglacial periods. However, there is no specific information on P. sylvestris of those periods in Asia minor. This hypothesis could be tested by comparing the studied populations with the respective Balkan and Caucasian populations by using DNA surveys, pollen data and macrofossil remains (Cheddadi et al. 2006) . Another factor that contributes to the isolation of the Karakurt-Kars population from the rest of the studied populations is the Anatolian diagonal (Ekim & Guner 1986) , i.e., the high mountain ranges of Late Miocene origin, extending from the eastern Taurus Ranges toward to the eastern Black Sea region (Fig. 1) .
We can conclude that generally, genetic variation within populations is higher and genetic distance among populations is lower in forest trees than other organisms (Hamrick & Godt 1989) . Conifers are capable of maintaining high levels of within-population variation due to outcrossing breeding systems, continuous dispersal of populations, mostly wind-disseminated pollen and seeds, relatively high seed production that often occur over one-half to three-quarters of their long life spans, and cross fertilization among trees from different generations (Conkle et al. 1988; Giannini et al. 1991) . Isozyme analyses provide information about the relative amounts of genetic variation present within and among populations of forest tree species. In the present study, a large amount of genetic variation was found within populations of P. sylvestris while a relatively small portion of variation was distributed among the populations. Such a high level of genetic variation within populations indicates that P. sylvestris is economically a suitable species for tree breeding programs, because such a breeding population would relatively serve wide areas and reduce cost in various tree breeding activities such as establishing additional seed orchards for individual areas. Also, a high level of genetic variation is an indicator of obtaining high genetic gain. Furthermore, it also indicates that P. sylvestris has potential to adapt to probable environmental changes to occur in the future. Populations with higher genetic diversity should be protected to prevent genetic erosion in their natural stands.
Based on isozyme analysis on 17 loci, three populations (Akdagmadeni-Yozgat, Refahiye-Erzincan and Vezirkopru-Samsun) have higher mean number of alleles per locus, higher mean percentage of polymorphic loci, and higher value of mean expected heterozygosity indicating a relatively high level of within population variation. This is per se a desirable attribute for gene conservation purposes. However, variation at the molecular level is not always reflected in growth and adaptive traits. Differentiation of adaptive traits can be substantially higher than differentiation of allozyme markers (Howe et al. 2003) . Therefore, before a final recommendation for conservation purposes can be made, several growth and adaptive traits should also be studied. The final recommendation should be based on a collective evaluation of both molecular and adaptive traits.
